The low energy excited 0 Keywords: single-particle structure, transfer reaction, shape coexistence
+
2,3 states were also analyzed within a two-level mixing model and are consistent with a mixing strength of a 2 =0.40 (14) and a difference in intrinsic deformations of |∆β| = 0.31 (3) . These results suggest coexistence of three different configurations in 96 Sr and strong shape mixing of the two excited 0 + states.
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Describing the shape evolution of atomic nuclei presents a challenge to modern nuclear structure theory. The shape of the nucleus is a result of a delicate interplay between macroscopic, liquid drop-like and microscopic shell structure effects. Nuclei with a closed shell configuration are spherical in their ground states, but away from magic numbers deformed ground states are observed. The degree of deformation results from the interaction between protons and neutrons depend on the exact occupation of single-particle orbitals near the Fermi surface. Therefore, small changes in the nucleon number can lead to rapid changes in both the magnitude and type of deformation. One of the most dramatic examples is the region of neutronrich Zr (Z = 40) and Sr (Z = 38) isotopes. While the properties of Zr and Sr nuclei with N ≤ 58 indicate spherical ground states, with the addition of just two neutrons the ground states become strongly deformed for N = 60 and beyond. The nuclei at this shape transition around N = 60 exhibit shape coexistence [1] with low-lying excited deformed (spherical) states for nuclei with N ≤ 58 (N ≥ 60). The sudden onset of deformation in 100 Zr has been explained by the strong residual interaction between the proton-neutron spin-orbit partner orbitals π[0g 9/2 ] and ν[0g 7/2 ]. While in an independent particle picture the π[0g 9/2 ] orbital is completely empty in Zr, adding neutrons to the ν[0g 7/2 ] orbital enables the promotion of protons from the lower lying orbitals to the deformation-driving π[0g 9/2 ] orbital [2, 3] . The resulting sudden transition from spherical to deformed ground states and the emergence of shape-coexisting states in the vicinity of N = 60 and Z = 40 has been a subject of considerable interest for many years, both theoretically [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] and experimentally [22] [23] [24] [25] [26] [27] [28] [29] . In Sr, the shape transition is evident through measurements of binding energies [30] , charge radii [23] , excitation energies and quadrupole transition probabilities of low-lying states [24, 27, 28] . Low-lying 0 + states with strong electric monopole (E0) transitions between them indicate the coexistence of states with different intrinsic deformations or the occurrence of strongly mixed configurations [31] . In 96 Sr (N = 58) the low-lying 1229 and 1465 keV 0 + 2,3 states are associated with shape-coexistence, as evidenced by the very strong monopole transition strength ρ 2 (E0) = 0.185(50) [32] between them. However, the mea-sured lifetimes and extracted E0 and E2 transition strengths for the decay of the 0 98 Sr were found to be very similar [27, 28] , indicating that these states possess similar underlying structure. The mixing of the two coexisting shapes in 98 Sr is weak despite their proximity [26, 27] .
Several theoretical studies have provided information on electromagnetic transition probabilities in 96 Sr. The low-lying 0 + states in 96 Sr have been studied using the complex excited VAMPIR method with a realistic effective interaction in a large model space [20] . In that work, the lowest three 0 + states were associated with triple shape coexistence of spherical, prolate, and oblate configurations. However, the strong E0 transition between the 0 96 Sr. The present experiment was performed at the TRIUMF-ISAC2 facility [34] where a 95 Sr beam was produced by impinging a 480 MeV proton beam with an intensity of 10 µA on a UC x target. The neutron-rich Sr isotopes were produced through uranium fission, were laser ionized, mass separated and transported to a charge state booster [35] . The beam (Q=16 + ) was transported to the ISAC2 facility where its kinetic energy was increased to 5.5 AMeV using the superconducting linear accelerator [34] . The post-accelerated 95 Sr beam was delivered for approximately 2.5 days with an average intensity of 1.5 × 10 6 particles per second. The beam impinged upon a 0.44(4) mg/cm 2 , 92(1)% deuterated polyethylene (CD 2 ) target, mounted in the centre of the SHARC silicon detector array [36] . SHARC (Silicon Highly-segmented Array for Reactions and Coulex) is a compact arrangement of double-sided silicon strip detectors which is optimized for high geometrical efficiency and excellent spatial resolution, with ∆θ lab ≥ 1
• . The SHARC array was surrounded by the TIGRESS γ-ray detector array, with 12 HPGe Compton-suppressed clover detectors arranged in a compact hemispherical arrangement with approximately 50% of 4π geometrical coverage [37] . The beam composition was measured periodically throughout the experiment using a Bragg ionization detector [38] , which was positioned adjacent to the TIGRESS experimental station. The composition of the A = 95 beam was 95(3)% 95 Sr. The excitation energy of states in 96 Sr populated through the d( 95 Sr,p) reaction was determined by measuring the proton energy and scattering angle. Figure 1 shows two reconstructed 96 Sr excitation energy (E x ) spectra produced using only data from backwards laboratory angles (θ lab > 90
• ) as the excitation energy resolution is improved in this angular range. The direct population of the 0
96 Sr ground state is clearly visible while the large β-decay background (from accidentally stopped 95 Sr) and density of states made it impossible to resolve higher lying states. Excited states were thus identified using the de-excitation γ-ray in addition to an E x gate. A γ-ray gate on the 414 keV 0 reconstructed γ-ray energy spectrum for TIGRESS detectors positioned at backward angles (θ lab > 120 • ) in coincidence with protons. An excitation energy gate of 800< E x <1900 keV was utilized to include protons associated with the direct population of the 1229 keV (0 + 2 ) and 1465 keV (0 + 3 ) states. For the Doppler reconstruction, the γ rays were assumed to be emitted at the center of the target. This is not correct for the 650 keV transition from the long-lived (6.7 ns [39]) 1465 keV 0 + 3 state, which decays outside the target. By using only the most backward TIGRESS detectors a reasonably narrow Doppler-corrected peak could be achieved for this transition, since here the difference between the real emission angle of the γ ray and the angle assumed for the Doppler reconstruction is sufficiently small even for a relatively long-lived state. This allowed for a clear identification of this transition, despite the reduced γ-ray detection efficiency. The cross-section for Figure 2 : γ-ray energy spectrum coincident with 96 Sr states in the range 800 < E x < 1900 keV. Only TIGRESS detectors positioned at θ lab > 120 • were used. Transitions marked with a star are from the decay of the 1507, 1995, 2084 and 2113 keV states which were partially included in the excitation energy gate. These states will be discussed in detail in a forthcoming publication. The transition marked with a triangle could not be identified. A partial experimental level scheme is shown on the right, including only states and transitions relevant for this work as well as the 235 keV E0 transition.
the population of the 1465 keV 0 + 3 state was determined using a relative γ-ray intensity analysis between the 650 keV 0 (Figure 2) . The experimentally observed yields for these transitions were compared to a detailed Geant4 [40] simulation of the decay of the 1229 and 1465 keV states, taking into account the TIGRESS geometry, attenuation of γ-rays in the SHARC chamber and beam-line material, the kinematics of the recoiling 96 Sr nucleus (β ≈ 0.1) and the known half-lives and decay branching ratios of the two states. From the ratio of the number of measured γ rays it was deduced that the relative population strength of the 1465 keV state compared to the 1229 keV state is 1.50(52). Figure 3 shows the experimental angular distributions for the 0 was, within uncertainties, not sensitive to different OM parameters. These calculations also provided the normalization of the cross section. The analysis procedure of Wilson et. al. [43] was followed, and further details will be provided in a forthcoming publication [33] . For the ADWA calculation global nucleonnucleus OM parameters from [44] were used. The calculations (Figure 3 ) model the d( 95 Sr,p) reaction as a single-step process where the transferred neutron populates the ν2s 1/2 orbital via pure = 0 angular momentum transfer. The ADWA calculations better reproduce the data at large scattering angles where deuteron breakup is expected to affect the transfer cross section. The spectroscopic factors C 2 S are determined as the ratio of experimental to reaction model cross section, the fits were restricted to the forward angles θ cm < 45
• . For the transfer to the 0
96 Sr states the spectroscopic factors amount to C 2 S = 0.19(3) and 0.22(3), respectively, for the DWBA and 0.15(3) and 0.19(3) for the ADWA calculations. The spectroscopic factor uncertainties include both statistical and systematic contributions related to the normalization of the data. Additional uncertainties for the absolute value of the spectroscopic factors arise from the choice of the reaction model and the optical model potential parameters especially for the DWBA.
Based on the comparison of the two reaction models and various sets of optical model parameters these amount to 20 %. For the relative spectroscopic factors of the 0 + states used to extract their mixing strength these uncertainties cancel. The inclusion of multi-step processes through coupled channels calculations leads to a slightly better description of the differential cross section, at the expense of additional unconstrained parameters. Complete and detailed coupled-channel calculations are beyond the scope of the present work. To estimate the contribution, the inelastic excitation of 95 Sr was taken into account through an effective deformation length. A value of δ n = 1.1 fm reproduces the measured (d, d ) cross section and is consistent with the spherical nature of 95 Sr determined from the charge radius [23] and the neighboring 94,96 Sr [28, 29] . Changes to the spectroscopic factors are less than 10 % and do not alter the conclusion presented in the following.
It was not possible to extract an angular distribution for the 1465 keV 0 + 3 state due to low statistics. However, from the analysis of the relative population strength discussed above, the spectroscopic factor for the 1465 keV state could be deduced to be 0.33 (12) or 0.29 (13) , for DWBA and ADWA calculations, respectively. The relative spectroscopic factors used in the discussion below are not affected by the choice of the reaction model and the systematic uncertainties arising from the normalization of the cross section.
The relative strengths of the 0 96 Sr were reported in the work of Jung [45] . This assumption is also supported by the recent Coulomb excitation data and beyond mean field calculations reported by Clément et al. [27, 28] . Using the two-level mixing model, the monopole transition strength between the 0
96 Sr states is related to their mixing strength a 2 and intrinsic quadrupole deformations β by,
where Z is the atomic number [31] . In the case where the unmixed states are a spherical configuration 0 (14) . This result is independent of the reaction model choice as the ratio is determined by the ratio of cross sections with a dynamical correction accounting for the difference in excitation energy. By combining the known value of ρ 2 (E0) with our experimental constraint on the mixing strength a 2 , equation 1 was used to determine the absolute value of β def = 0.31 (3) . In this strong mixing scenario the interaction strength between the 0 state is situated only 215 keV above the ground state and a twolevel mixing model resulted in only a weak mixing between the coexisting states [26, 28] . As a result, the 98 Sr 0 + 1 ground state is strongly deformed whereas the excited 0 + 2 is nearly spherical. The weak mixing also implies a surprisingly small interaction strength between the unmixed configurations of only ≈ 10 keV.
The strongly populated 2084 keV state (Figures 1 and 2 ), has a 51 % branching ratio via the 855 keV transition to the 1229 keV 0 Shell model calculations were carried out using NushellX [46] , employing the glek interaction [47] . The model space comprises of the proton f pg 9/2 and neutron gds orbitals. The twobody matrix elements are obtained from G-matrix calculations with some modifications to better describe the Y and Zr nuclei [47] . For the calculations presented here, the single-particle energies were adjusted to reproduce low energy states for odd mass nuclei in the vicinity of Z = 40 and N = 58. States in 95, 96 Sr and spectroscopic factors for d( 95 Sr,p) were calculated using several different valence spaces to investigate the influence of the various proton degrees of freedom. For the neutrons an inert N = 50 core was assumed and the valence space included the ν[2s 95 Sr a C 2 S = 0.45 (for valence space b which described best the excitation energies) is predicted while the measurement using the same analysis as presented here results in C 2 S = 0.41 (9) . Further results on the d( 94,95 Sr,p) reactions will be reported in a forthcoming publication [33] .
These results show, that while the 94,95 Sr nuclei as well as the strongly deformed 98 Sr nucleus can be described rather well using shell model [29, 33] and beyond mean field calculations [27, 28] , 96 Sr at N = 58, just before the shape transition, has a much more complicated structure. The present transfer reaction study enables to selectively populate the spherical component of the 0 + states in 96 Sr. The spherical component is found mainly in the strongly mixed excited 0 + states. The mixing ratio was determined for the first time in the present study. 96 Sr. Clearly, more extensive theoretical studies are required to gain better insights into the single-particle wave functions in the Sr isotopes in this context. Extensions of the work carried out for the Zr isotopes with large scale shell model calculations [15] and Monte Carlo Shell Model calculations [21] , as well as further developments of the beyond mean field calculations [14, 16, 27, 28] , will be of interest.
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